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Abstract 
We have investigated self organization of novel FeGe/FeSi/FeGe layered structures on Ge(111) and their electrical 
conduction properties. From analyses of compositional change, diffusion dynamics analyses and microstructure 
observations, it was revealed that the self organization of the layered structures was enhanced by spinodal 
decomposition which may be induced by pronounced compositional changes associating to inhomogeneous 
interdiffusion. The electrical conduction showed singular temperature dependence which obviously reflected nature 
of Kondo insulator FeSi. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Guest Editors of 
Physics Procedia, Publication Committee of ASCO-NANOMAT 2011 
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1. Introduction 
Ordered Fe3Si is a parent material to synthesize some highly spin-polarized materials such as Fe2MnSi, 
Fe2CoSi etc. which may be adapted to some spin-injection devices. Epitaxial growth of Fe3Si on Ge(111) 
with high axial orientation along a Ge<111> axis has been succeeded by molecular beam epitaxy (MBE) 
at low growth temperature below 200oC.  It has been revealed that quality and flatness  of interfaces are 
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dominated  by  interdiffusion  of  Fe  and  Ge  atoms  at  the  interface.  We  have  found  that  the  MBE  above  
conventional deposition temperatures ~400oC  causes  growth  of  Fe3Si as well as precipitation of 
compounds such as FeSi, FeGe on Ge(111) [1]. 
In this study, we have investigated compositional and structural changes of the hybrid structure by 
using HRTEM and reported self organization of novel FeGe/FeSi/FeGe layered structures due to 
interdiffusion of Fe and Ge atoms and their electrical conduction properties which may reflect a 
characteristic property of electron correlation in FeSi. 
2. Experiment 
The starting samples, DO3-Fe3Si(111)/Ge(111) hybrid structures, were formed by a low temperature 
MBE method [2].   After  deposition,  the  samples  were  annealed  at  450oC in order to cause pronounced 
interdiffusion of Fe and Ge atoms through the heterointerfaces between Fe3Si and Ge. The samples were 
annealed in a vacuum by a rapid thermal anneal (RTA) method. A TEM combined with energy dispersive 
X-ray analysis (TEM-EDX) was employed for a depth analysis of atomic compositions in the samples. 
Microstructures were observed by a cross sectional TEM (XTEM), nano-sized beam electron diffraction 
(Nano-ED), High angle annular dark field scanning transmission electron microscopy (HAADF-STEM). 
The electrical conduction of the alloy surface at 90-400K was measured by a two probe method. 
3. Results and discussions 
Figure 1 shows depth profiles of Fe, Si and Ge atoms in the initial sample Fe3Si/Ge hybrid structures 
and in the isothermally annealed sample. These profile data and a theoretical analysis of interdiffusion 
revealed the ternary compositional change, the path of ternary interdiffusion and the diffusion coefficients 
near the interface of Fe3Si/Ge during isothermal annealing at 450
oC. Most of the compositional changes 
originated from the interdiffusion of Fe and Ge atoms. The ternary system was found to get close to an 
equilibrium tie line between ferromagnetic FeGe (cubic) and Kondo insulator (KI) FeSi (cubic) [3], 
therefore the FeGe-FeSi quasi-binary system with the small interdiffusion coefficient may be a 
thermodynamic final condition. The profiles of Ge and Si atoms in the annealed sample indicated 
compositional modulation in which alternative changes in depth were caused, while that of Fe atom was 
almost constant at 50at%. The alloy thickness increased by ~15nm.  
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Fig. 1. Depth profiles of Fe, Si, and Ge atoms in the initial sample with Fe3Si/Ge hybrid structures (left) and in the annealed sample 
at 450ºC for 4h (right). 
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Fig. 2. HAADF-STEM images of cross-section at (a)
Fe3Si(111)/ Ge(111) and (b) a:FeGe/b:FeSi/c:FeGe/Ge(111) 
layered structure. 
Fig. 3. HRTEM lattice images (left) and Nano-ED pattern 
(right) at heterointerfaces of FeGe(201)/Ge(111). 
Figure 2 shows HAADF-STEM images of both samples. We found a clear layered contrast structure in 
the annealed sample. The HAADF indicated that different compound layers formed on Ge. The dark 
contrast in the image corresponds to a compound with an element of small atomic number (Z) because the 
HAADF contrast should be proportional to Z2. The interfaces between the layers were not sharp probably 
because of their gradual composition changes as revealed by TEM-EDX.  
Figure 3 shows HRTEM image of cross-section of the annealed sample. The image was taken at the 
heterointerface. We found a clear interface between FeGe(201) and Ge(111) plains. The Nano-ED 
indicated an epitaxial relationship, FeGe [201] // Ge[111] (the zone axis tilted by ~2o) and the same 
relationship in the layer with the dark HAADF contrast. Considering the compositional profiles of the 
annealed sample in Fig. 1(right), the mid layer can be assigned to a Kondo insulator (KI), B20-FeSi 
(a=0.4495nm) with a crystal structure same to ferromagnetic B20-FeGe (a=0.4689nm). 
The quasi-binary phase diagram between FeGe and FeSi teaches us that these two compounds should 
make a mix crystal Fe(GexSi1-x) in every mix ratio x. However, in the annealed sample we observed self 
organized layered structures due to phase separation with compositional modulation. Analysis of atomic 
diffusion flows reveals that the pronounced interdiffusion of Fe and Ge atoms are caused through the 
heterointerface during the annealing at 450oC. Surprisingly Si diffusion was little caused. In such an 
inhomogeneous condition, the composition of alloy near the interdiffusion region may change not on the 
thermodynamics binodal line but on the spinodal. In general situation, the spinodal decomposition 
induces typical modulation structures such as shown in the HAADF-STEM image of Fig. 2 (right). 
Figure 4 shows changes in electrical resistivity of the sample surface at 90-400K. The initial sample 
showed the linear increase in resistivity corresponding to a typical temperature dependence of general  
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Fig. 4. Temperature dependence of electrical resistivity observed in (a) Fe3Si(111)/Ge(111) and (b) FeGe/FeSi/FeGe/Ge(111) 
layered structures. 
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